Abstract -Wireless local and personal area networks provide complimentary services in the same unlicensed (UL) radio frequency band of operation. As the mutual benefits of utilizing these services become increasingly apparent, the likelihood of mutual interference may also increase. A method was developed for examining wireless services coexistence in order to evaluate the impact interference may have on network performance. The methodology for the analysis was centered on deriving a closed form solution for the probability of collision, [ ] C Pr , in terms of the network and radio propagation parameters.
performance was investigated in regards to the presence of interference. The approach was then illustrated by examining the coexistence between 802.11b and Bluetooth UL band wireless services and summarizing the impact on network performance.
Introduction
As unlicensed (UL) band utilization for daily office functions increases, an understanding of how different wireless services, operating in the same band, may impact each other becomes an important issue. As the wireless applications move from ones of convenience to ones of reliance, the capability to predict potential interoperability issues is imperative, in order to forestall negative consumer opinion.
This issue has become even more pressing with the advent of the Bluetooth (BT) standard [1, 2] . BT compliant devices developed at or near their target price should facilitate the rapid introduction of a wide range of wireless commercial products. Both BT wireless personal area networks (WPAN) and 802.11 wireless local area networks (WLANs) share the same 2.4 GHz unlicensed (UL) frequency band and provide complimentary wireless solutions for connectivity. This complimentary nature of the services could enhance the use of both protocols at the same physical location and provide an incentive for their adoption. However, the issues surrounding their coexistence need to be addressed, prior to the interoperability problems, whether speculative or actual, become a deterrent to their commercial acceptance.
The goal of the research presented in this paper was to derive a closed form analytical solution that could be used to evaluate the coexistence issue under many network scenario conditions. A methodology for examining coexistence when there was uncertainty in the expected network traffic activity or uncertainty in the radio environment for the installation's operation was also an important consideration. In order to illustrate the approach, the coexistence between 802.11b and BT piconets was addressed, and specifically, the impact of BT piconets on 802.11b station when they are collocated in the same region was analyzed.
Coexistence analysis between the 802.11b and BT piconet has been addressed in [3] [4] [5] [6] [7] [8] . In this paper, a more general analytical model is presented, based on using a log-normal shadowing radio propagation model, and based on using an adjacent band interference model. The derivation for the coexistence model was divided into two parts. First, the measures of performance for the network are derived in terms of the probability of collision between the BT piconet interference signal and the desired 802.11b signal, Section 2. Next, the coexistence model is derived in Section 3. Analysis based on the resulting closed form solution is presented in Section 4, with conclusions given in Section 5.
Measures of Performance Derived in Terms of Probability of Collision
Network performance can be evaluated from a number of viewpoints using various measures of performance (MOPs). The relevance of each MOP is dependent on the specific network requirements. In this section, three network MOPs are considered for evaluating the impact of BT on the 802.11b network performance: packet error rate (PER), number of packet retransmissions (RT), and transmission latency (S). An expression for each MOP is first derived in terms of probability of collision, [ ] 
the overall performance criteria are obtained. The objective is to determine the combination of BT network parameters and radio propagation environments resulting in:
802.11b network performance is likely to be impaired by BT,
2)
[ ] ⇒ ∈ U C Pr 802.11b network performance is not likely to be impaired by BT.
MOP -Packet Error Rate
Given N 802.11b packets are transmitted and assuming the packet collisions with BT are independent and identically distributed (iid), then the probability PER exceeds a PER threshold, PER γ , is a binomial distribution [9] [
where, for ease of notation,
. A Gaussian approximation to the binomial distribution [10] can be used to estimate (3) , given N is sufficiently large, such that 
. For the purpose of the study presented in this paper, the overall performance criteria, (2), was based solely on PER,
MOP-Number of Packet Retransmissions
The number of packet retransmissions, RT, required, on average, to successfully transmit an 802.11b
packet from the 802.11b access point (AP) to the 802.11b station (STA) provides a measure of the latency associated with network impairment. Under the assumption that the packet collisions are iid, then the probability that RT is less than an RT threshold, RT γ , is a geometric distribution, [9] 
MOP-Transmission Latency
Transmission latency is a measure of the expected time for a packet to be successfully received. For the 802.11b, the normal time required for successfully packet transmission and reception, normal T , is comprised of the time for detecting medium activity, the time for packet (including header) transmission, and the time for the receiver to acknowledge packet reception. When an acknowledgement is not received by the Tx or when an incorrect checksum is received, then the Tx retransmits the same packet.
When retransmission is required, an additional overhead time involving a random back-off time is required to assist in resolving medium contention between 802.11b transmitters [11] . 
Combining (7) with the geometric distribution for the probability of k packet collisions occurring prior to
Using the convergence property of the infinite series, Pr << × α C . The 802.11b protocol has provisions for fragmenting long packets in order to decrease the collision probability at the expense of higher overhead. The work presented in this paper does not consider packet fragmentation and focuses solely on fixed length packets, specifically 1500 bytes.
Coexistence Model

Expected Number of Interferers
In this section, the expected number of BT piconets, BT N , having sufficient power to cause interference to an 802.11b STA, is determined. The analysis was based on first examining the relative received powers at the STA from both the desired signal source, 802.11b AP, and BT piconets within radius D of the STA. The geometry and corresponding parameters used in the analysis are illustrated in Figure 2 .
The BT piconets were assumed to be uniformly distributed about the STA. Given the BT piconet density , then the expected number of BT piconets is
where
is the effective interference area given radius D . d , where the dependency is governed by the radio propagation path loss characteristics. The normalized interference to signal power ratio threshold is given by
where BT Ω and AP Ω are the transmit powers in dBm for BT and 802.11b respectively and S I γ is the interference to signal power threshold in dB, i.e., the threshold at which the interference signal corrupts the 802.11b transmission.
The effective interference area was determined using an approach similar to Jake's method [12] for determining the percentage of the useful coverage area within a cell's boundary when taking into account the effects of shadowing. That is ( ) γ . Both the signal power and interference power were based on a log-normal shadowing model [13] ( ) 
is the path loss at reference distance 0 d , n is the path loss exponent, and both I X and S X are zero mean log-normal distributed random variables (RVs) with standard deviations I σ and S σ respectively. For (13) X is used to model both the effects of shadowing and the variations in signal power, due to the variation in the BT nodes' location about their centroid. Using (13) and assuming I X and S X are independent RVs, then the interference to signal ratio is
where S I X is a zero mean log-normal distributed RV with standard deviation [14] ( ) 
Normalized effective interference area,
, is graphed in Figure 3 for typical parameter ranges for the 802.11b and BT services. The range for Γ is based on typical BT Tx power of 0 dBm. BT Tx power can be extended to 20 dBm to achieve an increased coverage range, given power control is employed. Typical 802.11b Tx power is 20 dBm. The minimum value for S I γ is based on an empirical study reported in [5, 8] to the effects of DSSS demodulation on a narrow band interference signal. Therefore, the upper value for Γ , in Figure 3 , was based on determining the value of Γ such that
The radio propagation parameters were based on typical measured values for a single office building floor dB. This assumes the BT nodes for a given piconet are in close proximity to each other. Therefore, the variation of the received interference power, due to the variation in the BT nodes' location about their centroid, is minimal. Figure 4 contains graphs for normalized 
Probability of Time Coincidence
BT and 802.11b relative timing is illustrated in Figure 5 . The analysis presented in this section is an extension of the model developed in [4] [5] [6] for the probability of time coincidence. Consistent with [4] [5] [6] , the BT piconet was assumed to be using single time slot packets only, as shown in the figure. ; it is straightforward to show that
where   ⋅ is the ceiling function. In the analysis, it was assumed that if any portion of the 802.11b packet was time coincident with a BT transmission, then 802.11b packet retransmission is required, given frequency coincidence as discussed in Section 3.3. This is justified since BT τ is much larger than the 802.11b symbol period.
Probability of Frequency Coincidence
The collision probability is also dependent on the probability the signals from the two services are . This is the method used in [4] [5] [6] . The limitation to this approach is that it does not take into account adjacent channel interference. The method outlined in this section and used in evaluating the coexistence in Section 4 does incorporate an out of band interference model.
Based on empirical data [8] , the 802.11b can provide reliable service in the presence of narrow band interference occurring within the passband, given
dB. For the purpose of the analysis, the interference caused by a BT signal will be approximated based on the effects of a CW tone on a DSSS signal [15] . Under this assumption, the interference threshold ( ) In order to facilitate the analysis, a monotonic non-increasing function was used to estimate 
The conditional probability of frequency coincidence,
, is based on the relative received power from the BT interference to cause ( )
To illustrate, for interference to cause performance degradation in the first sidelobe of the 802.11b, the BT signal power has to be at least 28 dB greater than the power required in the 802.11b pass band, based on the graph in Generalizing the example given above, the conditional probability of the frequency overlap given
This assumes a worst case condition, when the 802.11b carrier frequency is centered within the UL band, such that the sidelobe interference can occur for both positive and negative carrier offsets,
for the BT interferer.
Based on the method used to obtain ( ) . To illustrate, using the same values for evaluating (23) as in the previous paragraph, and using the results graphed in Figure 6, 
Probability of Collision
In this section, a closed form solution for [ ] C Pr is derived based on the results from Sections 3.1 through
The probability of collision is first examined based on a single active BT piconet, which is collocated in the same area as the 802.11b STA. This event is denoted as 1 C with corresponding
Pr C . Based on the probability of frequency coincidence given q Γ , (24), and given τ n , the conditional probability for 1 
where BT time slots are equilikely and independently loaded and BT L is the loading factor for the BT piconet, i.e., the fraction of the total number of BT time slots active. Combining (26) with the results
Then, using the principle of total probability, the [ ] 
Coexistence Analysis
In this section, the coexistence issue is analyzed between the 802.11b WLAN and BT piconet WPAN.
The method used in the analysis was based on using (30) to evaluate [ ] C Pr . As indicated in the introduction, the goal of the analysis was not to provide an exhaustive examination of the issue of coexistence, but to provide insight into the issue and provide a methodology for studying coexistence when there is uncertainty in the network and radio propagation parameters. This is achieved by using the MOP criteria, U and V , (2) 
In order to put the results depicted in Figure 7 into perspective, two BT piconet scenarios are considered: ≡ ∆ L light BT piconet scenario, and ≡ ∆ H heavy BT piconet scenario. A summary of the traffic activity used for L ∆ and H ∆ is presented in Table 1 . The light BT piconet traffic activity was based on estimates for typical usage for a BT piconet in an enterprise setting provided by Bluetooth SIG as reported in [6] . The average call duration of 2 min/call was used for L ∆ , whereas a 1 min/call was suggested in [6] . In addition, BT paging was considered in the analysis presented in [6] . BT paging is used to initiate data or telephony connections. Due to the short time interval spent in the paging mode, , in order to model the likelihood BT piconets would be used to replace wires in a personal computer, i.e., cables to printers, scanners, etc.
Based on the traffic parameters stated in Table 1 , the BT piconet parameters were obtained and they are given in Table 2 . The following illustrates the method of obtaining the BT piconet parameters based on the traffic parameters for L ∆ . For telephony activity, the time duration per day was 20 min/day.
Based on the HV3 packet structure being able to support 386 kbps and a single duplex call requiring 128 kbps, the average loading factor for the telephony activity is 33%. For the data activity, 150 kbytes/day was transmitted using DH1 packet structure. The DH1 Packet structure supports 179 kbps throughput with 100% loading. Combining these results for data and telephony, the average values for the L ∆ scenario, as given in Table 2 , were obtained.
The two BT piconet scenarios, L ∆ and H ∆ , represent points in the BT piconet parameter space as illustrated in Figure 7 . [ ]≡ O U Pr probability BT is unlikely to cause interference based on the specified set of MOPs conditioned on the likely operating region for the BT network parameters.
2)
[ ]≡ O V Pr probability BT is likely to cause significant interference based on the specified set of MOPs conditioned on the likely operating region for the BT network parameters. 1) For the BT scenario involving light traffic and a modest piconet density, it is unlikely the 802.11b network will be impacted for almost any radio propagation environment.
2) For the BT scenario involving modestly heavy traffic and an increase in the piconet density, it is likely the 802.11b network will be impacted for almost any radio propagation environment.
3) For typical radio propagation values and over a range of BT piconet parameters, the 802.11b coverage range is likely to be reduced by 50% in order to avoid all or almost all impact from BT interference, and by 15% to avoid severe impact.
The above conclusions were based on specific ranges for radio propagation parameters and BT piconet parameters.
The overall methodology presented is applicable to a wide range of network configurations and network performance criteria. The conclusions drawn could be dramatically different, dependent on the parameter ranges investigated and the MOPs criteria applied to the analysis. 
